by increased interstitial and alveolar edema (10) and activation of the coagulation and inflammatory cascades leading to vascular endothelial and alveolar epithelial damage (33) . Therefore, lower tidal volumes may be protective by reducing stretch injury. The possible relationship between stretch injury in humans and damage to extracellular matrix proteins such as elastin has not been tested in a clinical study. Therefore, we studied levels of urine desmosine, a compound specific to elastin breakdown, in patients with ALI included in the recent Acute Respiratory Distress Syndrome (ARDS) Network trial of lower tidal volume ventilation (1).
The extracellular matrix, the region of the lung between the alveolar epithelium and the vascular endothelium, provides structural support to the lungs through collagens, glycoproteins, and proteoglycans (17) . Elevations of extracellular matrix proteins such as procollagen type I, procollagen type III, hyaluronan, and laminin have been reported in the bronchoalveolar lavage and pulmonary edema fluid of patients with ALI implicating damage to the extracellular matrix (4, 15, 18) .
The extracellular matrix also facilitates passive recoil of the lungs via the unique stretch properties of elastin (19) . The lung is a major source of elastin in the body, and in the absence of some pathological process, elastin is stable over the lifetime of an individual (11, 23, 26, 27, 31) . The average adult, however, excretes between 1 and 5 mg of elastin per day in the urine arising from the lung as well as other tissues (26, 30) . During lung epithelial and endothelial injury, as in ALI, elastin can be broken down by exposure to proteases such as neutrophil elastase (27) . Elastin breakdown results in smaller fragments containing desmosine and isodesmosine, crosslinks unique to elastin (27) . Desmosine-containing fragments are eliminated in the urine without further modification as small peptides and up to 15% as free desmosine (27) . Formation of the crosslinks is a postribosomal event, and coupled with the fact that there is virtually no dietary absorption, inhalation, or other sources of desmosine in the body (26) , urine desmosine is a selective marker of elastin breakdown. Desmosine has been studied as a marker of elastin breakdown in several chronic pulmonary conditions, including chronic obstructive pulmonary disease (COPD), cystic fibrosis, and chronic tobacco use (5, 12, 29) . There is some variability in the desmosine levels when measured in certain chronic disease states such as COPD or cystic fibrosis compared with controls (2) .
The purpose of the current study was to evaluate urine desmosine as a surrogate marker for elastin breakdown in a large group of patients with ALI. Urine desmosine levels were measured in the subjects enrolled in the recent, multicenter randomized controlled trial of lower tidal volume ventilation in ARDS (1). Three related hypotheses were tested similar to prior studies of biomarkers in patients with ALI included in the ARDS Network trial (8, 20, 21, 32) . First, we evaluated whether baseline urine desmosine was higher in patients who died compared with those who survived. Second, we assessed whether urine desmosine levels correlated with clinical markers of disease severity and other outcome measures, such as ventilator-free days and organ failure-free days. Finally, we evaluated whether urine desmosine levels demonstrated an attenuated rise in the group of patients that received the 6-ml/kg predicted body weight ventilation strategy compared with those that received 12-ml/kg predicted body weight reflecting less stretch injury in patients who received the lower tidal volume ventilation strategy.
METHODS

Subjects.
All study subjects included in the original ARDS Network trial were evaluated for study participation. Study protocols with informed consent had been approved by the institutional review board at each hospital. Subjects included in the current study were required to have paired urine samples: specifically, a urine sample from study day 0 (baseline) and either study day 1 or study day 3 or both. Of the 861 subjects included in the ARDS Network trial, 579 had paired urine samples as defined above. Baseline characteristics of the subjects included in this study and a comparison to the original ARDS Network trial can be found in Table 1 .
Laboratory evaluation. Urine samples were obtained from the National Heart, Lung, and Blood Institute storage facility and aliquoted into 0.5-ml tubes after being assigned sequential integer values to blind the lab investigators to all patient information, including the day of the urine sample. Urine creatinine was determined with a colorimetric kit from Sigma (Sigma Chemical, St. Louis, MO). A lower limit of 0.03 mg/ml was used as a cut-off for urine creatinine since this was the lowest level of dilution for the standard in the colorimetric assay. Desmosine was measured using a previously validated radioimmunoassay (25) . This assay is a standard method of measurement of urine desmosine and has been validated in prior work (3, 6, 7, 14, 16, 24 -26, 28) . Desmosine values Ͻ2 pmol/ml were considered below the limits of the assay because at values Ͻ2 pmol/ml, interfering substances may provide a false value in this competitive assay. If either the urine desmosine or the urine creatinine was below the detection limit, the results were considered unreliable and therefore these samples were excluded from the statistical analysis. No values above the range of the assays were obtained during this evaluation. Exclusion of unreliable laboratory results meant that 12 patients no longer had paired urine samples. We included the available values from these 12 patients in our final analyses given that they were all part of the original cohort of paired urine samples we selected for evaluation. The analyses were performed in a post hoc fashion although the samples were prospectively collected with the intent to ultimately assess biomarkers that may have importance in ALI.
Statistical analyses. All analyses were done using SAS software. Sample results were reidentified, and information from the ARDS Network database was utilized for analysis. The ratio of urine desmosine to urine creatinine was used for all samples to control for the effect of urine dilution. This ratio has been shown in prior work to provide the same interpretation of the data as determining total urine desmosine in a 24-h urine collection (25) . The ratio of urine desmosine-to-creatinine was not normally distributed in our dataset. We presented raw data results in Fig. 1 and Table 5 . Because of the abnormal data distribution, we presented the median and interquartile ranges. All statistical analysis was done using log transformation to create a more normally distributed dataset for statistical analysis. We evaluated the affect of the log of the urine desmosine-to-creatinine ratio on the risk of death using logistic regression and then adjusted for ventilator group assignment because ventilator group affected mortality. We compared baseline urine desmosine-to-creatinine ratios in patients with direct vs. indirect pulmonary insults to determine if there were differences based on the category of the medical condition that predisposed to ALI. Pearson correlation coefficients controlling for ventilator group were determined for the baseline log urine desmosine-to-creatinine ratio and other clinical outcomes including ventilator-free days and organ failure-free days. Pearson correlation coefficients were also determined for baseline log urine desmosine-tocreatinine with clinical variables known to correlate with disease severity in ARDS, including PaO 2 /FIO 2 , plateau airway pressure, non- http://ajplung.physiology.org/ pulmonary organ failures, APACHE III score, and age. Finally, the study group was separated by ventilator group assignment, i.e., 6 vs. 12 ml/kg tidal volume, to determine whether tidal volume specifically affected the log urine desmosine level. A repeated measures linear regression model was used to compare the average log of the urine desmosine-to-creatinine ratio on days 1 and 3 while controlling for baseline value. Results were considered to be statistically significant if the P values were Ͻ0.05.
RESULTS
Demographics.
The baseline characteristics of the current study group are shown in Table 1 . The demographics as presented in the original ARDS Network trial are also shown in Table 1 . The percentage of women, percentages of each racial background, and risk factors for ARDS were comparable between the current study and the original ARDS Network study groups.
Baseline predictive value. Higher baseline values of the ratio of urine desmosine to urine creatinine were associated with a higher risk of death (odds ratio 1.39 per log increment, 95% confidence interval 1.04-1.85; Table 2 ). We then tested the baseline predictive value of urine desmosine to urine creatinine in a multivariate analysis that included the ventilator group assignment. This multivariate analysis again demonstrated that the baseline log urine desmosine-to-creatinine ratio still had predictive value for mortality (Table 2) . We were unable to compare the urine desmosine results to a control group of ventilated patients without ALI. We did determine that the mean value of desmosine-to-creatinine for all 579 patients in this study was 129 pmol desmosine/mg creatinine. This value was higher than the mean urine values reported in a study that compared COPD patients, COPD patients that continued to smoke, and age-matched normal controls that showed no statistical difference in mean desmosine levels between these three groups (mean 28.4 to 35.5 pmol desmosine/mg creatinine) (2) . In addition, five healthy individuals provided urine samples over 3 days for desmosine analysis. The healthy individuals had a much lower concentration of urine desmosine-to-creatinine (mean 27.9 pmol desmosine/mg creatinine) than the mean levels of patients from the ARDS Network.
Baseline levels in direct vs. indirect pulmonary insult. Baseline levels of urine desmosine-to-creatinine were compared in study subjects who had a direct pulmonary insult predisposing to ALI vs. an indirect pulmonary insult using t-test comparison. The analysis demonstrated no significant difference in baseline urine desmosine in patients with direct vs. indirect pulmonary insult (P ϭ 0.27).
Correlation with ventilator-free days and organ failure-free days. We evaluated whether urine desmosine would correlate with other outcomes measured in the original ARDS Network trial. Therefore, the correlation coefficients, controlling for ventilator group, were determined between the baseline log urine desmosine-to-creatinine ratio and specific organ failurefree days as well as ventilator-free days ( Table 3 ). All of the correlations in this table were negative. These negative correlations mean that higher urine desmosine-to-creatinine ratios were associated with fewer ventilator-free days or organ failure-free days, i.e., higher log urine desmosine-to-creatinine was associated with worse outcomes. The correlations were weak but statistically significant for all variables except renal failure.
Correlation with markers of disease severity. Certain clinical characteristics have been identified as markers of disease severity in ALI, whereas others are predictive of mortality in ALI. We tested several of these variables using correlation coefficients to determine whether the baseline log urine desmosine-to-creatinine ratio correlated with these variables. Only two of these clinical variables, age and APACHE III score, showed a significant correlation with the baseline urine desmosine-to-creatinine ratio (Table 4) .
Modulation of desmosine levels by tidal volume group. A repeated measures model was used to compare the changes in the mean of the log of urine desmosine to creatinine over the first three study days in each ventilator group. The rise in urine Correlations shown were calculated using Pearson correlation coefficients. P value is for the correlation between the log of the baseline urine desmosineto-creatinine ratio and outcomes controlling for ventilator group assignment. desmosine was attenuated by a tidal volume of 6 ml/kg compared with a tidal volume of 12 ml/kg ( Table 5 ). The median values for both the 6-and the 12-ml/kg group increased over the course of the study, but the rise in the 6-ml/kg group was attenuated compared with the 12-ml/kg group (Fig. 1) .
DISCUSSION
We studied urine desmosine in ARDS Network patients and found that the baseline log urine desmosine-to-creatinine ratio was significantly higher in patients who died compared with those who survived. This effect persisted even after controlling for the ventilator group assignment. The results provide evidence for the importance of elastin breakdown, an important component of the extracellular matrix, in patients with ALI. These results indicate that damage to the extracellular matrix may influence outcome in the course of ALI.
Prior work has suggested elastin breakdown occurs in ALI. Tenholder and coworkers (31) studied urine desmosine levels in patients with ARDS as a marker of elastin breakdown. The results of that study showed that ARDS patients had a higher ratio of urine desmosine to serum creatinine compared with patients with cardiogenic pulmonary edema. Thus the authors concluded that urine desmosine may be useful to discriminate between different kinds of pulmonary edema when the clinical picture is not clear. Fan and Nagle (9) investigated 100 patients who died with ARDS and in 30 patients found elastin-staining laminar structures within the interstitium that were remnants of elastic fibers. An intriguing finding of this study was the fact that elastin-staining laminar structures were only observed in cases of rapidly developing acute respiratory failure. The results of the current study in ARDS Network patients showed that higher levels of urine desmosine-to-creatinine correlated with worse clinical outcomes, including fewer ventilator-free days and organ failure-free days, suggesting that more severe damage to the extracellular matrix occurred in the most critically ill ALI patients.
There are several reasons why damage to the extracellular matrix might occur. The initial insult that leads to ARDS may directly affect the extracellular matrix. For example, a stimulus may be transmitted by a cytokine cascade leading to breakdown of matrix proteins. Alternatively, the extracellular matrix may be a bystander in ongoing damage to the vascular endothelium and alveolar epithelium that border the extracellular matrix. If this is true, then desmosine may be considered a marker of the severity of endothelial and epithelial injury that occurs in ALI. It is also possible that ventilation with positive pressure may lead to some mechanical damage to the extracellular matrix with stretch injury and breakdown of extracellular matrix proteins. Delivery of a 12-ml/kg tidal volume may overdistend the compliant, less injured alveoli, exacerbating the initial injury with concomitant stretch injury. Because most patients were treated with tidal volumes higher than 6 ml/kg before initiation of the ARDS Network study protocol, subjects may have received tidal volumes high enough to overdistend the functional regions of the lung and thereby may have suffered stretch injury before enrollment in the ARDS Network study.
The second important finding of this study was the attenuation in the rise in urine desmosine over the course of the trial. Subjects ventilated with the lower tidal volume ventilation not only had a lower mortality rate but they also had lower levels of the log urine desmosine-to-creatinine in day 1 and day 3 values as demonstrated by a strong statistical trend that nearly reached significance (P ϭ 0.053). Desmosine is unique to elastin and elastin is in high abundance in the lung. Because the only difference between the groups in this study was the ventilation strategy, it is reasonable to infer that the elastin breakdown occurred in the lung. There is support for this interpretation in the literature. Janoff et al. (13) evaluated urine desmosine in sheep who underwent bronchoalveolar lavage with varying doses of elastase to determine whether urine desmosine could be used as a marker of lung elastin breakdown. Their results showed that baseline urine desmosine concentration in sheep urine was similar to humans. When elastase was instilled directly into the lung, the quantity of desmosine excreted above the baseline level increased linearly with increasing dose of elastase administered. Furthermore, urine desmosine positively correlated with a decrease in perfusion and ventilation in the lung compared with baseline, substantiating that the desmosine measured in the urine originated from injury to the lung. The authors of that study convincingly demonstrated that pathological changes to proteins in the lung could be reliably measured in the urine.
The attenuation in urine desmosine concentrations over 3 days in the current study probably reflected less damage to the extracellular matrix of the lung as a result of the lower tidal volume ventilation coupled with plateau pressure limitation (Ͻ30 cmH 2 O). Pierce et al. (22) studied desmosine levels in preterm lambs and found higher whole lung levels of desmosine and higher mRNA of tropoelastin in ventilated preterm lambs compared with normal term lambs. Furthermore, the preterm lambs with lung injury that received lower tidal vol- Median values and interquartile ranges of the raw urine desmosine-tocreatinine data (not log transformed) are shown. A repeated measures model was used to statistically evaluate the change in the log urine desmosine-tocreatinine over study days 1 and 3, controlling for baseline (day 0) value. This statistical analysis demonstrated a lower mean value of log desmosine-tocreatinine values in the 6-ml/kg group compared with the 12-ml/kg group, P value ϭ 0.053. Correlations shown were calculated using Pearson correlation coefficients. P value is for the correlation between the log of the baseline urine desmosineto-creatinine ratio and clinical variables.
ume ventilation (5 ml/kg) had an attenuated rise in desmosine compared with those that had received standard (15 ml/kg) tidal volume ventilation. The results of this experimental study demonstrated both a role for elastin breakdown in lung injury as well as the contribution of stretch injury to the quantity of elastin breakdown.
In the current study, desmosine did not correlate well with markers of disease severity, only showing weak correlations with APACHE III and age. The process of damage to the extracellular matrix may be different than the processes that affect other clinical parameters, such as compliance or oxygenation. Poor oxygenation may be the result of extensive epithelial injury with alveolar filling rather than the result of damage to the extracellular matrix. Alternatively, the urine desmosine measured in this study may reflect elastin breakdown occurring in other parts of the body such as skin or blood vessels. In either case, the results suggest that desmosine may be more useful in understanding the pathogenesis of ALI and less useful as a marker of disease severity.
Although the results of our study implicate a role for damage to the extracellular matrix in ALI patients, there were limitations to consider. First, we were only able to include 579 of the 861 patients included in the original trial. It is possible that the subset we studied was not representative of the whole group. However, the data in Table 1 demonstrate that this large subset was similar in terms of baseline characteristics to the original group included in the ARDS Network trial of lower tidal volume ventilation. Another limitation is that the study design did not allow for discrimination between elastin breakdown that occurred in the extracellular matrix of the lung vs. elastin breakdown that may have occurred in other elastin-rich tissues such as systemic blood vessels or skin tissue. However, since the lung is a major source of elastin in the body (31) and since the intervention in this study was a ventilator strategy, it appears most likely that lower elastin levels represent less damage to the extracellular matrix of the lung. Furthermore, in the Tenholder et al. study (31) , the ARDS patients had a significantly higher level of urine desmosine to serum creatinine than critically ill subjects without ARDS and subjects with cardiogenic pulmonary edema. Our results suggest that elevation in urine desmosine, referenced to urine creatinine, is not simply the result of severe illness or pulmonary edema alone but rather is more specific to ALI. One final limitation is that we cannot distinguish association from causation. Damage to the extracellular matrix could be a major factor that worsens ALI and plays a role in ongoing lung damage in ALI. Alternatively, elastin breakdown may simply be a marker of damage that is occurring to tissues surrounding the extracellular matrix, specifically the vascular endothelium and the alveolar epithelium.
In summary, the results of this study provide evidence that worse clinical outcomes are associated with increased elastin breakdown in patients with ALI. In particular, elevated levels of urine desmosine early in the course of ALI are associated with higher mortality rates. Elastin breakdown is attenuated by a lung-protective lower tidal volume ventilation strategy. The results also illustrate the utility of urine samples as a noninvasive source of biological samples for the investigation of matrix breakdown in patients with ALI. Therefore, clinical investigations that utilize urine for biological evaluation should be of value in future studies of ALI.
